Solubility and quality of actomyosin play crucial roles during storage and processing of a particular muscle type. We report here the effect of low intensity (20 kHz) ultrasonication on the solubility and some other biochemical properties of the actomyosin isolated from chicken breast muscle. Although there was an overall enhancement in the solubility of actomyosin during sonication, the major increase of~61.55% occurred at 0.2M NaCl after 10-12 min of exposure. The distinctive feature of sodium dodecyl sulphatepolyacrylamide gel electrophoretic (SDS-PAGE) profiles of this fraction was the presence of free or noninteracting actin in considerable amount. Even at higher salt concentrations (0.4 and 0.5M NaCl), the protein solubility was almost twice as high as that of the corresponding controls. At low salt concentrations (<0.3 M NaCl or KCl) where the protein solubility was high, Ca 2+ -, K + (EDTA)-and Mg 2+ -ATPase activities were low. However, a remarkable increase in each of the enzymatic activities occurred at the salt concentrations higher than 0.3 M. More importantly, the high level of Mg 2+ -ATPase strongly indicated that actomyosin was reconstituted. The ultraviolet spectra also supported the reconstitution of actomyosin at high salt concentrations. These data suggested that ultrasonication caused conformational changes which modified properties of myosin and actin affecting the intermolecular relationships within actomyosin complex. The shift in the solubility and functional modifications of sonicated actomyosin provide some basis to explain the processing behavior of sonicated poultry meat. In addition, the low frequency sonication may be suggested as a non-destructive method to compare actomyosin extracted from various sources.
INTRODUCTION
The changes in biochemical properties of actomyosin (AM) have been extensively used to explain storage and processing behavior of poultry and other types of meats. [1] [2] [3] [4] [5] AM constitutes bulk of the myofibrillar protein mass while retaining functional characteristics of myofibrillar contractile apparatus. For biochemical investigations, skeletal AM has been routinely extracted and dissolved in high salt molarity solutions (~0.6 M NaCl or KCl). [6, 7] Attempts to solubilize myosin and associated proteins of the contractile apparatus in millimolar salt solutions have also been successful. [8, 9] To achieve maximum solubility, low frequency (20 kHz) ultrasonic disruption of myofibrillar structure was considered essential by some investigators. [10] However, low ionic strength or water soluble myofibrillar protein extracts are suitable as protein supplements only, because they lack functionality.
In vitro studies have established that it was isolated AM that simulated heat gelation behavior of a particular muscle. [1] [2] [3] [4] [5] [6] The available literature also revealed that quantity as well as the quality of AM were crucial in forming gels of desirable viscoelastic properties. [6, 11] Thus, high salt contents and the solubilization of AM are obligatory for converting comminuted meat to heat processed products. [12] [13] [14] [15] Ultrasonication has been reported to improve processing properties of meat such as the tenderness, salt diffusion and binding strength of thermal gel matrices. [16] [17] [18] These observations underlined the importance of basic information on the sonication-solubilized proteins of AM complex. So far, only some preliminary observations have been published which dealt with low intensity sonication of unpartitioned AM. [6] Therefore, we have investigated the biochemical changes which accompanied the low frequency (20 kHz, 50 W) sonication of AM isolated from chicken breast muscle. We have also monitored variations of the investigated properties in low salt dilutions of the sonicated AM. Compared to myofibrillar suspension, isolated AM complex represents a soluble and cell free system which permits ultraviolet (UV) spectroscopy. [14] MATERIALS AND METHODS
Chemicals
Acrylamide, bis-acrylamide, phenyl methane sulfonylfluoride (PMSF), adenosine 5ʹ-triphosphate disodium salt (ATP), ammonium per-sulfate and tetramethylethylene diamine (TEMED) were procured from authorized dealers of Sigma-Aldrich chemicals Pvt. Ltd. Potassium chloride, bovine serum albumin, tris buffer, and 1-amino-2-naphthol-4-sulphonic acid and chemicals or reagents of analytical grade were purchased from SRL, India.
Preparation of AM
Birds (3 months old broiler chicken) were sacrificed with standard procedures of exsanguinations. [19] There was no pooling of AM preparations. Excised breast (pectoralis major) muscles were immediately immersed in crushed ice bath. AM was prepared as previously described [20, 21] with some modifications: prior to overnight extraction of muscle mince in the extraction buffer (0.6 M KCl in 25 mM Tris-maleate buffer of pH 7.0, containing 2 mM PMSF), it was washed thrice with 50 mM phosphate buffer (pH 7.2). The thick viscous solution of natural AM was recovered after centrifugation at 10 K rpm (4°C) for 15 min. AM was precipitated by 10-fold dilution with chilled distilled water and collected by centrifugation at 5 K rpm for 15 min (4°C). The precipitate was saved and dissolved in 0.6 M NaCl with 20 mM Tris-maleate buffer, pH 7.2 (dissolving buffer). Traces of free myosin were removed by two cycles of precipitation of 0.6 M AM solution at 0.2 M NaCl. Then, AM solution in 0.6 M NaCl was passed through one more cycle of 10× dilution before dissolving finally in 0.6 M NaCl buffer. Overnight dialysis against the dissolving buffer followed which contained no PMSF.
Protein Estimation
Protein concentrations of all the samples were determined by the method of Lowry et al., [22] using bovine serum albumin as standard. Optical density was recorded at 660 nm on BioSyn UV-Visible spectrophotometer. All the values are average of three different dilutions of each protein sample.
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Ultrasonic Treatment
Solutions of 2.5-3 mg/mL AM in 10 mL of dissolving buffer were exposed to low frequency (20 kHz, 50 W) ultrasonic waves for 30 min. [7] Immersion-probe type ultrasonicator (Ralco, India Ltd.) was used throughout the study. The probe of the sonicator was immersed in the middle of AM container and held in a central position. During ultrasonication, sample tubes were kept under ice bath and each sonication burst of 15 s was followed by 10 s of cooling lag to offset heating. Five aliquots of equal volume (2.0 mL) were collected at intervals of 5, 10, 15, 20, and 30 min.
Preparation of Salt Soluble Fractions of Sonicated AM at Various NaCl Dilutions
Sonicated aliquots of AM dissolved in 0.6 M NaCl (20 mM tris-maleate) and collected at specific time intervals were diluted to 0.1, 0.2, 0.3, 0.4, and 0.5 M NaCl. The diluted samples were fractionated into supernatants (soluble fraction) and pellets (insoluble fraction) following centrifugation at 10 K rpm for 15 min. The soluble fractions were saved for studying various biochemical parameters. The solubility at a given dilution was expressed as the ratio of protein content in supernatant to total protein and was calculated using the following formula:
where C s is the protein concentration in supernatant at a given dilution and C t is the total protein contents in standard reference Srf (Standard reference = AM solution in 0.6 M NaCl).
Assay of ATPases
ATPase activities of the control as well as sonicated AM were assayed following the standard protocol. [20, 21] Ca 2+ or Mg 2+ ion activated ATPase was assayed at 20ºC in final concentrations of 50 mM KCl, 20 mM Tris-maleate of pH 7.0, and 5 mM CaCl 2 (or Mg 2+ ). Exclusively for K + (EDTA)-ATPase assay, NaCl was removed by two cycles of precipitation and AM samples were then dissolved in 0.6 M KCl. The final concentration of KCl in K + (EDTA)-ATPase assay mixture was maintained at 0.6 M KCl by adding the required amount of KCl stock solution to dilutions of AM where KCl concentration was below 0.6 M. [23] In all the assays, the reaction was started with the addition of ATP (1.0 mM) and stopped by perchloric acid (15%) after incubating for 2 and 4 min. To quantitate inorganic phosphate (Pi) liberated during ATP hydrolysis, we followed the method of Fiske and Subbarow. [24] The Pi data was plotted using the average of 2 and 4 min readings.
UV Absorption Spectra
UV absorption spectra of various AM samples were taken at a constant protein concentration of 0.2 mg/mL on GENESYS 10 UV scanning spectrophotometer. NaCl solutions of corresponding strength were used as blanks.
Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Profiling of Sonicated AM Dilutions and Documentation
We followed the sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) protocol of Laemmli [25] to monitor polypeptide abundance, relative intensities, and stoichiometry of individual polypeptides in the soluble fractions of ultrasonicated AM, with a few minor modifications reported previously. [20, 21] Gels (10%) were run initially at 5 mA until samples entered separating gel, and 15 mA thereafter. Gels were fixed using a mixture of methanol (40%) and acetic acid (10%) for 2 h at 25°C that was also used as washing solution to remove SDS.
Subsequently, gels were stained with Coomassie brilliant blue R-250 (CBBR-250; 0.25% w/v) in 45% methanol and 10% acetic acid. Excess stain was removed by incubating gels overnight in 7% acetic acid. Finally, the gels were photographed or directly scanned on document scanner (HP Deskjet F370).
Densitometry and Quantitative Assessment of SDS-PAGE Profiles
Data from digital photographs and direct gel-scans were compared and various lanes were selected for densitometric analysis through Scion Imaging (Scion Corporation; Beta release: 4.0) software. Gel Pro software (Cybernetics, USA) was used for quantitative analysis of various lanes. Each value of the data obtained by Scion imaging software is expressed as integrated pixel density value (IDV). Based on these values expected actin was calculated using the formula: 
Statistical Analysis
Up to 25 birds were sacrificed to investigate one or the other biochemical property. However, the data discussed here is the average of duplicate determinations made on different AM preparations, which were also used for UV spectroscopy. The differences in the obtained values of control and sonicated samples of every category (n = 5) were tested through student's t-test and the values were considered significant at p < 0.05.
RESULTS AND DISCUSSION
Time-Dependent Solubility of Sonicated-AM
The time-dependent solubility profiles followed the biphasic kinetics. A rapid enhancement in protein solubility occurred during the first 10-12 min of sonication ( Fig. 1a ). Subsequent enhancement in the solubility was modest until the 30th min. The deceleration in protein solubility during this (second) phase suggested that >12 min of low frequency sonication cause some denaturation of soluble AM at >0.3 M NaCl.
Salt Concentration-Dependent Solubility of Sonicated-AM
When AM was subjected to 30 min long sonication, barely 6.35% of the protein was soluble at 10 mM NaCl dilution. As shown in Fig. 1a , the dilution to 0.1 M NaCl precipitated most of the sonicated AM (~94%). In precipitated AM, actin and myosin are in a strongly bound crystallized state which is morphologically different from the arrowhead structure of actin-myosin filaments in situ. [26] We have recently shown that low frequency (20 kHz) sonication of precipitated AM for 30 min solubilizes only 13% of protein. [27] The least solubility of AM at 0.1 M NaCl is also supported by SDS-PAGE profiles of soluble polypeptides of sonicated AM at 0.1 M NaCl dilution. The solubility gradients of sonicated AM and the corresponding unsonicated controls were just opposite to each other (Fig. 1b) . Whereas only 6.35% of sonicated AM was soluble at 0.1 M NaCl, a sharp enhancement of 61.68% was observed at 0.2 M NaCl (Fig. 1b) . In comparison, corresponding values at these NaCl molarities were 3.75 and 7.54%, respectively. Since the difference between solubility of sonicated AM and its corresponding control SONICATION-INDUCED BIOCHEMICAL VARIATIONS IN CHICKEN ACTOMYOSIN was minimal at 0.2 M NaCl, it can be taken as the lowest concentration at which sonication exclusively solubilized the highest amount of AM. At further high concentrations of NaCl, the enhancement in solubility of sonicated AM was modest, as evident from the values of 67.68 and 86.66% at 0.3 and 0.5 M NaCl, respectively. In contrast, the corresponding values for AM controls were 37.2 and 48.54%, respectively. In any case, the solubility of sonicated AM is almost twice that of the controls. As indicated by the low levels of Mg 2+ -ATPase activities at low salt concentrations (explained below under suitable subhead), the maximum solubility of sonicated AM at 0.2 M NaCl was due to "weak actin-myosin interaction."
Stoichiometry of Myosin Heavy Chain (MyHC) and Actin Binding
According to IDV, the two remarkable features of the dynamics of polypeptide abundance in 0.2 M NaCl solution of sonicated AM were: A sudden rise in MyHC contents after 15 min of sonication; and the presence of free actin (non-binding to MyHC). The standard stoichiometric binding ratio of actin: MyHC as calculated from the IDV of respective bands in SDS-PAGE profiles of Srf is~0.62 (lane Srf in Fig. 2 ). This ratio is in agreement with the reported values of vertebrate skeletal muscle AM. [28, 29] According to standard stoichiometry of actin-MyHC binding, the IDV of actin band after 15 min of sonication had to ascended parallel with the IDV of MyHC (Fig. 4a) . However, the observed IDV of actin band at 0.2 M NaCl deviated from this "expected trend of stoichiometry," as free or non-interacting actin was present in excess of MyHC-binding requirement (Fig. 4b) . In comparison, the IDV of actin band was proportionate to actin-MyHC binding at 0.3 M (Fig. 3b ). According to the IDV data, free actin was again detected at 0.4 M and 0.5 M NaCl, though in rather low amounts (Fig. 4c ). Dissociation of actin-myosin at 0.2 M NaCl, partially explains excess of noninteracting actin. One of the strong possibilities is a more rapid denaturation of myosin, although actin molecule also fragments and repolymerize under influence of ultrasonication. [30, 31] 
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Changes in ATPase Activities
During exposure to high frequency ultrasonication, Ca 2+ -ATPase activity has been reported to decline more rapidly than the rate of AM reconstitution. [32] Our preliminary study also showed that with the increasing time of low frequency sonication, Ca 2+ -ATPase activity of unpartitioned and undiluted AM declined accordingly. [7] To date, no data on K + (EDTA)-ATPase activity, the other index of the status or integrity of myosin/MyHC, [33, 34] has been reported. However, sonic treatment exceeding 10 min in duration positively modulated Ca 2+and K + (EDTA)-ATPase activities (of soluble fraction) at >0.3 M NaCl/KCl in a timedependent manner (Fig. 5 ). The profiles of both of the enzymatic activities myosin/MyHC in reconstituted sonicated AM appeared lower than those of the Srf.
Although, the magnitude of positive modulation of Ca 2+ -and K + (EDTA)-ATPase activities at 0.4 and 0.5 M NaCl is close to the values of corresponding controls, it is still~30% lower than the 5c and 5d) . Apparently, the observed decline in various ATPase activities is the consequence of sonication-induced conformational changes which may include some aggregation of myosin.
ATP binding site is located at the apex of the cleft which separates the two 50 kDa actin binding domains of myosin subfragment-1. [35, 36] Our results suggest that low intensity sonication might have affected actin binding domains as well as the ATP binding site. This is supported by the changes in profiles and magnitudes of Ca 2+ -and K + (EDTA)-ATPase activities and actin-myosin interaction indicator, Mg 2+-ATPase.
Spectral Analyses
Recently, UV spectra of AM at low protein concentrations have been used to obtain information on heat denaturation related changes. [14] Unlike heat treatment which increases turbidity, [14, 19, 34] ultrasonication has the advantage of increasing transparency of exposed AM solutions. [7] Spectra of chicken AM differed from profile of invertebrate AM isolated from green mussel which exhibits maximum at 270-280 nm. [37] Fig. 6 . At each NaCl dilution, perturbation at wavelengths (247-299 nm) was recorded, which suggested involvement of tyrosyl, tryptophanyl, and phenyl-alanyl residues from 5 min of ultrasonication onward ( Figs. 6 and 7) . Thus, sonication affected hydrophobic regions of myosin and actin molecules, the two major proteins of AM which essentially determine the functionality and solubility of AM complex. The maximum impact of sonication was observed at 15 min with >0.3 M NaCl, when sonicated AM is either partially or substantially solubilized ( Figs. 6b-6d ).
The close resemblance between peak values of aromatic residues at 257 and 286 nm is displayed in Fig. 7 . In general, O.D. values are high from 0.3 to 0.4 M NaCl which is also the salt concentration range for AM reconstitution and heat induced gelation (Fig. 5 ). [1, 11] The critical timing and dilution, at which various spectra closely resemble the spectrum of Srf, are 15 min and 0.5 M NaCl, respectively ( Figs. 6c and 6d) .
Collectively, the evidence presented here suggested that ultrasonication-induced changes in AM are the mainly expression of "conformational state of the myosin molecule" and "altered actin-myosin interaction." As already pointed out, the lower Ca 2+ -and K + (EDTA)-ATPase activities indicate a less active conformation of myosin. A correlation with myosin light chains (LCs) is likely, since SDS-PAGE profiles indicate slight change in the relative intensities of these polypeptides. LC2 has a crucial role in filament assembly and functional states of myosin heads. [36] [37] [38] [39] The observation is supported by our study on low salt precipitated AM, which showed a quantitative increase in LCs that corresponded with the increasing duration of sonication. [21] A number of reviews have consolidated the published information on the applications and consequences of ultrasonic exposure of various meats including that of the chicken. [17, 40, [42] [43] The present investigations provided information on the properties of sonicated but unfragmented myosin/MyHC soluble at NaCl concentrations lower than 0.6 M. We ensured inactivation of 
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endoproteases by adding PMSF during washing the muscle mince and overnight extraction of AM. Therefore, the low frequency sonic waves can be used to defrost meat [44] without significantly fragmenting myofibrillar proteins. More importantly, the data demonstrates that the proteins of sonicated AM complex are more soluble from 0.2-0.3 M NaCl and have a different conformation from unsonicated AM. The sonication-induced changes in the properties of AM observed in this study support the possible reduction in salt solubility requirement of myofibrillar proteins during processing, without affecting thermal gel formability. [18] However, more comprehensive information on sonication of myofibrillar proteins is needed to establish an unambiguous correlation with the qualitative attributes of poultry meat. 
CONCLUSIONS
Low frequency (20 kHz) ultrasonication of broiler chicken AM solution enhanced its solubility at NaCl concentrations lesser than 0.6 M. Functionality of sonicated AM was governed by "dissociation" or "reconstitution" kinetics of AM in an exposure-time and salt-dependence manner. Since at this frequency no key proteins of AM fragmented, the low frequency sonication can defrost meat without significantly fragmenting myofibrillar proteins. More than 10 min of sonication caused some denaturation irrespective of reconstitution of AM at >0.3 M NaCl. Relatively low recovery of 
